The validity of the DFT models implemented by FIREBALL for CNT electronic device modeling is assessed. The effective masses, band gaps, and transmission coefficients of semi-conducting, zigzag, (n, 0) carbon nanotubes (CNTs) resulting from the ab-initio tight-binding density functional theory (DFT) code FIREBALL and the empirical, nearest-neighbor π-bond model are compared for all semiconducting n values 5 ≤ n ≤ 35. The DFT values for the effective masses differ from the π-bond values by ±9% over the range of n values, 17 ≤ n ≤ 29, most important for electronic device applications. Over the range 13 ≤ n ≤ 35, the DFT bandgaps are less than the empirical bandgaps by 20-180 meV depending on the functional and the n value. The π-bond model gives results that differ significantly from the DFT results when the CNT diameter goes below 1 nm due to the large curvature of the CNT. The π-bond model quickly becomes inaccurate away from the bandedges for a (10, 0) CNT, and it is completely inaccurate for n ≤ 8.
Another option for the simulation of large structures is to use empirical models [20, 21] .
Such models can reproduce the bandgaps and energy levels of semiconductors with high accuracy. However, simulations of heterogeneous CNT, metal, organic, biological systems are difficult with empirical models due to issues of transferability of parameters. Conversely, electronic device simulations of semiconductors are difficult with DFT models due to the underestimation of the bandgap. One is forced to make a choice, and we have chosen the DFT model as implemented by the code FIREBALL [22, 23] since it has demonstrated the ability to model large biological molecules [24] .
In this paper, we compare predictions of the properties relevant to electronic device modeling of semiconducting (n,0) CNTs calculated from both DFT theory and an empirical, Bandedge quantities alone are not sufficient for electronic device modeling. Since electronic devices are operated at biases on the order of a volt, accurate modeling of the higher energy states away from the bandedges is necessary for device modeling. The quantity that best characterizes the higher energy spectra for device simulations is the transmission coefficient. Therefore, we compare transmission coefficients calculated from the DFT and the empirical, tight-binding models.
Below, we calculate and compare the bandgaps, effective masses, and transmission spectra of semiconducting zigzag CNTs, ranging from (5, 0) to (35, 0) corresponding to diameters ranging from 0.39 nm to 2.8 nm. The bandgaps and effective masses are calculated, plotted, and compared for every non-metallic (n, 0) CNT with 5 ≤ n ≤ 35. Selected transmission coefficients are plotted and compared for n = 10, 20, 31, and 35.
II. METHOD OF CALCULATION
The FIREBALL calculations are performed using the local density approximation (LDA) (the Ceperley-Alder [25] form as parameterized by Perdew and Zunger [26] ) and the BLYP exchange-correlation functional [27, 28] . A self-consistent calculation is performed using a generalization of the Harris-Foulkes [29, 30] energy functional referred to as DOGS after the authors of the original paper [31, 32] . A separable non-local pseudopotential [33] Transmission is calculated using the non-equilibrium Green function formalism (NEGF).
The CNT is partitioned into a 'device' consisting of one unit cell and a left and right 'contact.' The left and right 'contacts' are taken into account exactly by self-energies Σ and Σ r , respectively, as illustrated in Fig. 1 . Details of the NEGF algorithm are described in [6, 7, 8] .
For the empirical π-bond model, we use a nearest-neighbor model with matrix element
.77 eV and p = 0.0 eV [34] . The NEGF algorithm is the same as that used with the FIREBALL matrix elements. The effective mass for both models is calculated from the 1-D dispersion using 1/m * =
The energy band gap is determined from an E − k calculation by reading the difference between the highest occupied band energy and the lowest unoccupied band energy at the Γ point. This is shown clearly in Fig. 2(b) . in which we plot the differences between the bandgaps calculated from the LDA and BLYP functionals and those from the π-bond model for n ≥ 10. So far, we have considered bandedge properties of bandgaps and effective masses. As we noted above, the higher energy electronic spectra is also important for electronic device modeling, and the best way to characterize it is to calculate the transmission coefficients. Figure 4 shows the transmission spectra for (10, 0), (20, 0) , (31, 0) and (35, 0) CNTs calculated using DFT/BLYP, DFT/LDA, and the empirical, π-bond model. In all cases, the energy axis of the transmission curves has been shifted such that the center of the bandgap lies at 0 eV. The energy region in Fig. 4 for which the transmission is zero is the band gap for the CNTs.
For the 2 largest CNTs, n = 31 and 35, the transmission resulting from the DFT and π-bond models all have similar, symmetric forms. There is some compression of the energy scale for the transmission coefficients calculated from the DFT models compared to the transmission coefficient calculated from the π-bond model. The energy separation between higher modes is smaller in the DFT models then in the π-bond model. These simulations also quantify what is meant by 'not too small' when applying the π-bond model. For n = 10, the bandedge properties resulting from the π-bond and DFT models agree to within 10%, however, the π-bond model quickly becomes inaccurate away from the bandedges. The transmission from the higher energy modes resulting from the π-bond model has differences with those resulting from the DFT models which are significant for device modeling. For n ≤ 8, the π-bond model is completely inaccurate. 
